A quasi-linear diffusion model including both pitch angle and energy diffusion, adiabatic compression and convective motion with the solar wind flow has been used to investigate the cometary ion pickup process along the Sun-comet line at comet Halley. The total pickup ion densities and magnetic turbulence spectrum levels observed by Giotto were used to constrain the quasi-linear model. Comparisons of the model results were made with energetic ion distributions observed by instruments onboard the Giotto spacecraft. The observed power spectrum index of magnetic turbulence ¾ is about 2 -2.5. However, our simulation shows that when ¾ was 2, the calculated proton distributions were much more isotropic than the observed ones; hence we have chosen ¾ = 2.5 in our study. Furtherefore, we assumed that only about 5% of the total low frequency wave power propagates away from the comet. The numerical solutions of the quasi-linear diffusion equations show that the isotropization of the pickup ion distribution, particularly at the pickup velocity, is not complete even close to the bow shock (but upstream), which agrees with the observations. The calculated and observed proton distributions are somewhat more isotropic than the water group ion distributions in the region far upstream of the shock, but the opposite is true near the bow shock. We find that given the observed turbulence level, quasi-linear theory gives pickup ion energy distributions that agree with the observed ones quite well and easily produces energetic ions with energies up to hundreds of keV.
INTRODUCTION
Many instruments have detected large local variations in density and distributions in both energy and pitch angle of pickup protons and water group (WG) ions at comet Halley [Balsiger et al., 1986; Coates et al., 1989 Coates et al., , 1990a Coates et al., , 1990b Kecskemety et al., 1989; Kecskemety and Cravens, 1992; Neugebauer et al., 1989a Neugebauer et al., , 1989b Neugebauer et al., , 1990 . The interaction of the solar wind with the extensive cometary coma begins with the ionization of atomic hydrogen in the outermost part of the coma, which originates from the dissociation of water and other cometary molecules. Both the mass density and number density of cometary protons are larger than those of WG ions at very large cometocentric distances, although the WG mass density exceeds the proton mass density within several million kilometers of the nucleus. The in situ observations provided evidence for both pitch angle and velocity diffusion of the implanted ions. Large fluxes of energetic ions were observed at energies considerably greater than the pickup energy, which indicates the importance of isotropization and acceleration mechanisms in the cometary pickup process.
In the solar wind reference frame newly created cometary ions are picked up with their speed equal to the solar wind speed (v = usw ) and with pitch angle 0 given by cos0 = -coset where ot is the angle between solar wind flow velocity Usw and magnetic field B sw. These ions form a ring-beam velocity distribution, and this initial velocity distribution is highly unstable to the generation of Alfvenic turbulence [Wu and Davidson, 1972; Sagdeer et al., 1986; Galeev, 1986] Johnstone plasma analyzer (JPA)), and the observed magnetic field data measured by the MAG instrument on the Giotto spacecraft. Using these inputs, we numerically calculate the evolution of implanted proton and water group ion distributions in both pitch angle and energy along the Suncomet line and compare them with the observations.
QUASI-LINEAR MODEL
The model equation governing the cometary ion distribution function for resonant wave-particle interactions [cf. Lee, 1982; Isenberg, 1987 If the total power of magnetic fluctuations propagating parallel and antiparallel to the background magnetic field B sw is defined as P+ and P_, respectively, quasi-linear theory [cf. Terasawa, 1989] shows that the pitch angle diffusion coefficient is proportional to the total power spectrum:
while the energy diffusion coefficient is proportional to the effective power of the turbulence, which is defined by Perfect = 4 P+P_ I (P+ + P_)
The reason for this is that the particle energy will be conserved in the rest frame of the waves if they propagate unidirectionally along the background magnetic field B sw, which results in the electric field vanishing in the wave frame. Based on the above constraint, we can explicitly write equation ( propagating in parallel and antiparallel directions have equal energy densities, then • = 0, and all the higher order terms for both pitch angle and energy diffusion, as well as the cross terms, disappear. Therefore, the wave-particle interaction term in equation (6) leads to equation (A6) in Gombosi et al. [1991] .
The ratio of VA/V is on the order of e(oai/fl = e << 1); this can be seen from the resonance condition. From equations (6) 
Although the cross term is included in this model, numerical tests show that it makes very little contribution (< 5%) to either pitch angle or energy diffusion. Therefore, it is safe to neglect this cross term, as we did in our previous model [Ye and Cravens, 1991 ] .
OBSERVATIONS AND MODIFIED INPUTS
The model in this paper is nominally for the Sun-comet axis only; however, the model results can still be compared with the observations of Giotto whose trajectory was almost at a right angle to the Sun-comet line. For example, the observed pickup ion distribution function at r'= 2 x 106 km should have evolved along the solar wind streamline that starts at point O as shown in Figure 1 . Our model results for the distribution function at r = 2 x 106 km, however, evolved along the Suncomet line starting at point M. However, if we make the assumption that all parameters are spherically symmetric about the comet, which means that all the physical quantities, such as solar wind speed, magnetic field turbulence, pickup ion, and power spectra (and therefore the diffusion coefficients), are the same at any point along the concentric circles, then our results along the Sun-comet axis can be "mapped" to the Giotto trajectory, where the measurements were made. Differences in the neutral column density between the Sun-comet axis (the model) and the various solar wind streamlines are about 50% or less. The integrated source yields the total pickup ion density, and, in any case, we "tuned" our model source so as to reproduce the measured total pickup ion densities, as will be discussed below.
The solar wind speed depends on cometocentric distance, r, and is a crucial .parameter in this quasi-linear model. We will see that all diffusion coefficients and pickup ion source terms are proportional to us•, and the adiabatic term in equation (9) Table 1 ). From Figure 3 , one can see that the observed proton density has apparently two different slopes in the preshock region. In our study, we assume the WG ions have a single component while protons have hot and cold components. The hot proton component has a larger neutral attenuation scale length and a smaller neutral production rate than those of the cold proton component, and thus the hot protons are dominant in the region far away from the bow shock and the cold protons are dominant in the region near the bow shock.
Consistent with the calculations of Gombosi [1988] showing that the ionization rate remains constant upstream of the bow shock, each component is assumed to have a constant neutral attenuation scale length and neutral production rate. Table 1 In this study, we tested values of both y = 2 and 2.5, and we found that when y = 2, the calculated proton and WG ion distributions were much too isotropic in comparison with observed distributions shown by Neugebauer et al. [1989b Neugebauer et al. [ , 1990 , while the calculations with y = 2.5 were in good agreement with the observations. Hence, only results using y = 2.5 are shown in this paper, although the index value y ~ 2 was derived from a quasi-linear theory [Galeev and Sagdeev, 1988 (14), is assumed, we choose C a = 2. km, where the solar wind starts slowing down; we will discuss these later. However, the energy spectra in Figures 6b and 7b increase very slowly in the region with r > 4 x 106 km but increase rapidly close to the bow shock.
The comparison of pickup WG ion energy spectra from the quasi-linear model and the observations is shown in Figure 8 . The IIS and EPA data were from McKenna-Lawlor et al. [1990] and the JPA data from Neugebauer et al. [1990] . The shaded and solid curves represent the WG ion energy spectra with constant and spatially varying turbulence levels, respectively. One apparent feature is that the energy spectrum with constant magnetic turbulence has larger phase space density at higher energies and smaller density at lower energies than phase space densities calculated with the spatially varying turbulence. The reason is that the magnitude of the turbulence increases with decreasing r but is less than the constant value of 0.02 (see cannot be relied on for energies where a significant "g effect" is apparent. In Figure 9a , we show the results of "test" calculations of the energy spectrum of WG ions at r = 1.7 x 106 km upstream of the shock with four different minimum values of the g factor (all other parameters remain the same). One can see that as the minimum g factor gets smaller (clearly, the g factor will tend to go to zero as the second part of it, I.tv cosat, approaches usw), the magnitude of the energy spectrum at high energies steadily increases. However, the g factor only affects the spectra for energies much greater (more than 100 keV) than the pickup energy but not the shape of the spectra near the pickup energy. We have also investigated the evolution of "test" WG ion phase space density with different initial pickup energies: v•,icku•, = 1, 2, 3, and 4 usw. We found that the conclusion is essentially the same as we described above: the significant increase in the energy spectra of cometary ions occurs only beyond the pickup energies by more than one hundred keV. The lowest value of the g factor used in this paper is 0.001 usw.
One of the major differences between this study and our previous result [Ye and Cravens, 1991] is the slowing down effect of the solar wind speed. In our previous work, the solar wind speed was simply assumed to be a constant which lead to the estimation that different minimum values of the g factor may only result in a 10% effect on the calculated distribution functions. Figure 9b shows interesting test results where the g factor was kept the same but the pitch angle (the angle between the solar wind flow and solar wind magnetic field) was changed from cosot = 0.1 to 0.9. Obviously, when cosat = 0.1, the solar wind flow is almost at right angles to the solar wind magnetic .e., 1.77, 1.45, 1.29 and 1.17 x 106 km) . The shaded and solid thick curves in Figure 10 It is important to point out that the spectral index ), of the magnetic turbulence was chosen to be 2.5 in our study such that the degree of isotropy predicted by the model for implanted protons and WG ions agrees well with the observations. Many 6. The numerical tests show that the cross term makes a negligible contribution to our calculations, so that it can be safely neglected in a quasi-linear model.
